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The  behavior  of a Ni-based  oxygen  carrier with  low  NiO content  (11.8  wt.%  NiO)  prepared  by  impregnation
on  CaAl2O4 has been  studied  in  a continuous  CLC  unit  (500  Wth)  using  different  gases  as  fuels  (methane,  H2,
CO, syngas,  ethane  and  propane).  More  than 90 h  of  successfully  operation  at  high  temperature  (1173 K)
have been  carried  out  analyzing  the  effect  of  the  oxygen  carrier-to-fuel  ratio  and fuel  gas  composition
regarding  combustion  efﬁciency  and  product  gas  distribution.
Using  syngas,  pure  CO  or H2 as fuels,  full  combustion  can  be  achieved  working  at oxygen  carrier-to-
fuel  ratios,  ,  higher  than  1.2. Regarding  methane,  the  maximum  fuel  combustion  efﬁciency  is  reached
in  a narrow  range  of  values  close  to 1 (1.0–1.2).  An increase  in  the  value  of this  parameter  produces
a  decrease  in  the  combustion  efﬁciency.  This  behavior  is  different  to  that  found  using  most  of  the  Ni-
based  oxygen  carriers  present  in  literature,  and  can be attributed  to the  low global  catalytic  activity
of  the  reduced  oxygen  carrier  for  reforming  reactions.  When  light  hydrocarbons  are  used  as  fuels,  the
oxygen  carrier  presents  a  similar  behavior  than  in the case  of  methane  combustion  tests,  reaching  to the
maximum  fuel  combustion  efﬁciency  at the  same   values.  This  fact also  indicates  that  light  hydrocarbons
combustion  mechanism  is  carried  out through  cracking  reaction.The solids  inventory  needed  to  obtain  a methane  combustion  efﬁciency  of 99 %  is  lower  than
180  kg/MWth, which  corresponds  to  a metallic  Ni  inventory  around  17  kg/MWth.  This  value is  the  lowest
referred  in the  literature  for  any  kind  of Ni-based  oxygen  carrier.  This  remarkable  result  is  due  to  the
low NiO  content  (11.8  wt.%)  and  the  very  high  reactivity  of  this  oxygen  carrier  because  all nickel in the
particle  is  present  as  free NiO,  since  the  formation  of less  reactive  nickel  compounds  is avoided  using
CaAl2O4 as  inert  support.. Introduction
CLC has been suggested as one of the most promising technolo-
ies for CO2 capture in power generation using a fuel gas because
he CO2 separation is inherent to the process (Kerr, 2005). CLC tech-
ology is based on the transfer of oxygen from air to fuel by means of
n active metal oxide (MexOy) as an oxygen carrier avoiding direct
ontact between fuel and air. The CLC concept has been proposed
o be accomplished in different type of reactors and conﬁgurations:
wo interconnected moving or ﬂuidized-bed reactors, ﬁxed-bed
eactors, or a rotating reactor. Nevertheless, all of the CLC plants
xisting worldwide at the moment use the conﬁguration composed
f two interconnected ﬂuidized-bed reactors called as fuel and air
eactor (Adánez et al., 2012). In the fuel reactor (FR), the oxygen
arrier is reduced to a metal (Me) or a reduced form (MexOy−1) and
xidizes the fuel to H2O and CO2 which can be easily separated by
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condensation obtaining a high concentrated CO2 stream ready to
be transported and stored.
(2n + m − p) MexOy + CnH2mOp → (2n + m − p) MexOy−1
+ n CO2 + m H2O Hr (1)
In the air reactor (AR), the metal or reduced metal oxide is oxi-
dized with air so that the regenerated material is ready to start a
new cycle. The gas obtained in this second step contains nitrogen
and unreacted oxygen.
(2n + m − p) MexOy−1 + (n  + m/2 − p/2) O2 → (2n + m − p) MexOy Ho (2)
In this system it is important to point out that the total heat
involved in both reactors is the same as for normal combustion
where fuel is in direct contact with air.
CnH2mOp + (n + m/2 − p/2)O2 → n CO2 + m H2O Hc = Hr + Ho (3)
Many materials have been tested to assess if they are good can-
Open access under CC BY-NC-ND license.didates for CLC technology. A review of the status can be found in
Adánez et al. (2012).
Nickel materials have received more attention than other can-
didates for CLC combustion due to its high reactivity and thermal
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Table 1
Summary of Ni-based oxygen carriers tested in continuously operated CLC units for gaseous fuels.
Oxygen carriera Metal oxide (wt.%) Support material Power (kW) Reacting gasb Reference
Ni18–Al:HI 18 -Al2O3 0.5 CH4 Adánez et al. (2009a)
0.5 H2, CO, syngas Dueso et al. (2009)
0.5  C2H6, C3H8 Adánez et al. (2009b)
0.5 CH4 + H2S García-Labiano et al. (2009)
Ni35–Al:COP 35 Al2O3 1 Syngas + H2S Shen et al. (2010)
Ni60–NiAl:SF 60 NiAl2O4 10 n.g. Linderholm et al. (2008)
Ni60–NiAl:FG 60 NiAl2O4 0.3 n.g. Johansson et al. (2006a)
Ni40–NiAl:FG 40 NiAl2O4 10 n.g. Johansson et al. (2006b) and Lyngfelt and Thunman
(2005)
Ni40–NiAl:SD 40 NiAl2O4 H2 Ishida et al. (2002)
Ni40–NiAl:SD 40 NiAl2O4 10 n.g. Linderholm et al. (2009)
65 H2, CO Kolbitsch et al. (2009a) and Kolbitsch et al. (2010)
140 n.g. Bolhàr-Nordenkampf et al. (2009), Kolbitsch et al.
(2009a,b) and Pröll et al. (2009)
140 CH4 Kolbitsch et al. (2009a) and Kolbitsch et al. (2010)
Ni40–NiAl–Mg:SD 40 NiAl2O4–MgO 10 n.g. Linderholm et al. (2009)
140 n.g. Bolhàr-Nordenkampf et al. (2009), Kolbitsch et al.
(2009a,b) and Pröll et al. (2009)
Ni20–MgAl:FG 20 MgAl2O4 0.3 n.g. Rydén et al. (2008)
Ni60–MgAl:FG 60 MgAl2O4 0.3 n.g. Johansson et al. (2006a)
0.17  Syngas Johansson et al. (2006b) and Mattisson et al. (2007)
Ni60–B:MM 60 Bentonite 50 CH4 Ryu et al. (2004)
Syngas Ryu et al. (2010a)
n.g. Ryu et al. (2010a)
Ni60–B:MM 60 Bentonite 1.5 CH4 Son and Kim (2006)
Ni40–Zr–Mg:FG 40 ZrO2–MgO 0.3 n.g. Rydén et al. (2009)
OCN  702-1100 n.a. 50 n.g. Ryu et al. (2010b)
OCN  703-1100 n.a. 50 n.g. Ryu et al. (2010a)
Syngas Ryu et al. (2010a)
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tability at high temperatures (1173–1373 K). Adánez et al. (2012)
eported that more than 2500 h of the 3500 h of total operational
xperience in continuous CLC and CLR plants for gaseous fuels have
een carried out with Ni-based oxygen carriers. Furthermore, Ni
ppears as one of the most interesting metals to be used for CLR
echnology due to its strong catalytic properties (Adánez et al.,
012). However, this material presents some disadvantages such as
hermodynamic equilibrium that cause a small presence of CO and
2 in the gas outlet of the FR, its higher cost compared to other metal
xides or the requirement of additional safety measures because of
ts toxicity.
The use of alumina-based compounds as support material for
i-based oxygen carriers has been extensively investigated in the
iterature. In comparison with other metal oxides, most of Ni-
xygen carriers supported on Al2O3 compounds showed very high
eactivity with all fuel gases, no agglomeration problems, low
ttrition rates during operation in ﬂuidized beds and avoidance
f carbon deposition at CLC conditions. However, reduction of
iO/Al2O3 particles is limited by the partial transformation of NiO
nto NiAl2O4 spinel compound (Copeland et al., 2001; Ryu et al.,
003), which has poor reactivity for CLC (Villa et al., 2003). Nev-
rtheless, high reactivity and low NiAl2O4 formation was found in
ome cases using mechanical mixing and impregnation methods
Adánez et al., 2004; Gayán et al., 2008; Sedor et al., 2008a,b).
Table 1 summarizes the Ni-based oxygen carriers that have
een tested in continuously operated CLC units for gaseous fuels
y the moment. As it can be seen in this table, the content of
iO used in the particles of the different oxygen carriers can be
igh, up to 40–60 wt.%. High contents of NiO are used when oxy-
en carriers are prepared by spray drying or freeze granulation
ethods in order to increase the crushing strength of the particles.
owever, particles obtained by the impregnation method can be
repared with low contents of NiO. Due to the high cost and the spe-
ial environmental-safety precautions that have to be taken with
ickel-based materials, the current tendency in the developmentlation; SD, spray drying; MM,  mechanical mixing.
of CLC technologies related to Ni-based oxygen carriers is directed
to minimize the amount of NiO that contains the oxygen carrier
particles.
Our research group at the Instituto de Carboquímica (ICB-CSIC)
has carried out several studies using Ni-based oxygen carriers.
Firstly, potential oxygen carriers were prepared using different
supports (Adánez et al., 2004). Later, different oxygen carriers pre-
pared by dry impregnation using -Al2O3 as support were tested
in a thermogravimetric analyzer and in a batch ﬂuidized bed to
assess the reactivity, selectivity, attrition rate and agglomeration
behavior during methane combustion (Gayán et al., 2008). It was
concluded that modiﬁcations of the support via thermal treat-
ment, to transform it into -Al2O3, or via chemical deactivation
with Mg  or Ca oxides, to obtain MgAl2O4 or CaAl2O4 as sup-
ports, minimized the interaction of NiO with alumina. Very high
reactivity, regenerability and high methane combustion selectiv-
ity to CO2 and H2O were achieved using those supports. The next
step was to evaluate the behavior of an oxygen carrier containing
18 wt.% NiO impregnated on -Al2O3 in a continuously operated
500 Wth CLC prototype using methane and syngas as fuels (Adánez
et al., 2009a; Dueso et al., 2009). Regarding methane combustion,
at 1153 K in the fuel reactor, an oxygen-carrier to fuel ratio, ,
higher than 3 and a solid inventory in the fuel reactor of 600 kg
per MWth were necessary to reach combustion efﬁciencies close
to the maximum allowed by the thermodynamic equilibrium. On
the other hand, when syngas was used as fuel, high combustion
efﬁciencies were reached at temperatures as low as 1073 K for 
values above 5. In both cases, the oxygen carrier exhibited an
adequate behavior regarding processes such as attrition, agglom-
eration and carbon deposition during 100 h with methane and
50 h with syngas of continuous operation. Moreover, Adánez et al.
(2009b) investigated the effect of the presence of light hydrocar-
bons (C2H6 and C3H8) in the feeding gas of a CLC system using that
Ni-based oxygen carrier (Adánez et al., 2009a; Dueso et al., 2009).
They concluded that an oxygen carrier-to-fuel ratio higher than 3
f Greenhouse Gas Control 14 (2013) 209–219 211
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Table 2
Properties of the oxygen carrier Ni11CaAl.
Units Values
NiO content wt.% 11.8
Oxygen transport capacity, Roc % 2.5
Particle size mm 0.1–0.3
Particle density kg/m3 1400
Crushing strength N 1.2
Porosity % 40.4
elemental microanalysis. An image of the cross section of a fresh
particle is shown in Fig. 1. From that image it can be observed a high
void volume inside the particle. The dark space inside the particleP. Gayán et al. / International Journal o
nd a temperature of 1153 K were needed to obtain high combus-
ion efﬁciencies. According to these results, no special measures
hould be adopted due to the presence of light hydrocarbons in the
uel gas of a CLC plant using a Ni-based oxygen-carrier.
The formation of NiAl2O4 together with NiO during the oxida-
ion process of this Ni-based oxygen carrier tested in the CLC unit at
he ICB (Adánez et al., 2009a,b; Dueso et al., 2009) was the respon-
ible for the elevated solids inventories needed to burnt properly
he different gaseous fuels. NiAl2O4 spinel reacts with these gases,
ut the corresponding reaction rates are lower than the ones that
ree NiO presents. Therefore, a Ni-based oxygen carrier without
nteraction between NiO and the support was further developed.
The objective of this work was to test the behavior of a Ni-based
xygen carrier with low NiO content, Ni11CaAl, for the combustion
f different fuels in a 500 Wth CLC plant under continuous operation
t atmospheric pressure. This oxygen carrier was developed by the
ncipient wet impregnation method using CaAl2O4 as support in
rder to avoid its interaction with NiO. The inﬂuence of different
perating conditions, such as the oxygen carrier-to-fuel ratio and
he fuel gas concentration, were analyzed.
. Experimental
.1. Preparation of the oxygen carrier
The support, CaAl2O4, was obtained by mixing commercial -
l2O3 (Panreac, dp < 10 m)  with CaCO3 (Panreac, dp < 10 m)  and
raphite in the following proportions: 33 wt.% CaCO3, 58 wt.% -
l2O3 and 9 wt.% graphite. The mixture was then pelletized by
ressure in a hydraulic pelletizer. Pellets were calcined at 1673 K
uring 18 h. After that, pellets were milled and sieved to obtain
aAl2O4 particles in the range +100–300 m.
CaAl2O4 particles were impregnated with a saturated solution
293 K, 4.2 M)  of Ni(NO3)2·6H2O (>99.5% Panreac) corresponding
o the total pore volume of the support particles. The aqueous
olution was slowly added to the support particles, with thorough
tirring at room temperature. Two successive impregnation steps
ere applied to obtain the desired active phase loading (11.8 wt.%).
n the ﬁrst impregnation, 0.2 mL  of nitrate solution were added
er gram of support. In the case of the second impregnation, the
olume of solution added to the material was 0.15 mL/g. The mate-
ial resulting from the ﬁrst impregnation was calcined at 823 K in
ir atmosphere for 30 min  to decompose the impregnated metal
itrate into the metal oxide. Finally, after the second impregna-
ion, the oxygen carrier was sintered in a furnace at 1223 K for 1 h.
he carrier was designated as Ni11CaAl.
.2. Oxygen carrier characterization
Several techniques have been used to characterize physically
nd chemically the fresh oxygen carrier particles. The force needed
o fracture a particle was determined using a Shimpo FGN-
X crushing strength apparatus. The mechanical strength was
aken as the average value of at least 20 measurements. The
ore volume was measured by Hg intrusion in a Quantachrome
oreMaster 33, whereas the surface area of the oxygen carrier
as determined by the Brunauer–Emmett–Teller (BET) method
y adsorption/desorption of nitrogen at 77 K in a Micromeritics
SAP-2020 (Micromeritics Instruments Inc.). The identiﬁcation of
rystalline chemical species was carried out by powder X-ray
iffractometer Bruker AXS graphite monochromator. Finally, some
xygen particles were analyzed in a scanning electron microscope
SEM) ISI DS-130 coupled to an ultra thin window PGT Prism detec-
or for energy-dispersive X-ray (EDX) analysis.
Table 2 shows the main physical properties of the Ni11CaAl
xygen carrier. The NiO active content for the CLC process wasSpeciﬁc surface area BET m2/g 2.1
XRD species NiO, CaAl2O4, CaAl4O7
determined by complete reduction of the sample with H2 in TGA
at 1223 K. The oxygen transport capacity was deﬁned as the per-
centage of mass fraction of oxygen that can be used in the oxygen
transfer, calculated as Roc = [(mox − mred)/mox] × 100, where mox
and mred are the masses of the oxidized and reduced form of the
oxygen carrier, respectively. The mechanical strength of the fresh
particles is 1.2 N, which it is adequate since values lower than 1 N
are believed to be too soft for long-time circulation (Johansson
et al., 2004). A suitable particle density of 1400 kg/m3 for ﬂuidiza-
tion operation was measured considering the particle size of the
material and the gas ﬂows. The speciﬁc surface area is low. This
value is associated with the extreme conditions adopted during the
calcination process of the support (1673 K during 18 h). The poros-
ity of particles is equal to 40.4 %. Finally, XRD analysis shows that
the only Ni-based crystalline phase present in the fresh particles of
the oxygen carrier is NiO. NiAl2O4 formation is avoided due to the
interaction of calcium with alumina to form two  different calcium
aluminates: CaAl2O4 and CaAl4O7.
Fresh particles of the Ni11CaAl oxygen carrier were analyzed
by SEM to determine its microstructure. Moreover, some of these
particles were cut, polished and analyzed by EDX to carry out anFig. 1. SEM-EDX images of a Ni11CaAl fresh particle. (a) BSE (back-scattering elec-
trons) photograph of a cross section of a fresh particle. (b) EDX line proﬁle of Ni in
a  cross section of a fresh particle.
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orresponds to large size pores (20–40 m)  interconnected among
hem. On the other hand, EDX analysis conﬁrms that Ni content was
omogeneously distributed inside the particles.
.3. ICB-CSIC-g1 facility
Fig. 2 shows the 500 Wth CLC unit operating at atmospheric pres-
ure, designated as ICB-CSIC-g1, used to determine the behavior of
he oxygen carrier under continuous combustion of different fuel
ases. The unit was composed of two interconnected ﬂuidized-bed
eactors, a riser for solid transport, a solid valve to control the solids
irculation between reactors, a loop seal and a cyclone. This design
llowed the control and measurement of the solid circulation ﬂow
ate between both reactors.
FR (1) consisted of a bubbling ﬂuidized-bed (0.05 m i.d.) with a
ed height of 0.1 m.  The AR is a bubbling ﬂuidized-bed (0.05 m i.d.)
ith a bed height of 0.1 m.  It was followed by a riser (4) of 0.02 m
.d. and 1 m height. A further description of this CLC prototype is
resent elsewhere (Adánez et al., 2009a).  The gas outlet streams of
he FR and AR were drawn to respective on-line gas analyzers to
et continuous data of gas composition. The outlet gas from the FR
as composed by N2, CO2, H2O, CH4, H2, and CO. The composition
f gases from the AR was N2 and unreacted O2. If carbon formation
n particle occurs in the FR, also CO and CO2 could be form in the AR
hen is oxidized with air. CH4, CO2, CO and H2 concentrations in
he gas outlet stream from the FR were measured after steam con-
ensation, whereas O2, CO, and CO2 concentrations were measured
t the gas outlet stream from the AR.
.3.1. Testing conditions
Combustion tests under different conditions and fuel gases were
onducted in the 500 Wth CLC unit with the Ni11CaAl oxygen car-
ier. The total solids inventory in the system was ≈1.0 kg, of which
.2 and 0.4 kg were in the FR and AR, respectively. The particle size
f the oxygen carrier is 0.1–0.3 mm.  A total operation of about 90 h
t hot conditions, of which 50 h were at combustion conditions, was
arried out using the same batch of oxygen carrier particles.
The inlet ﬂow in the FR was varied from 170 to 255 l N/h which
orresponds to an inlet gas velocity of 0.1–0.15 m/s, i.e., about 4–6
imes the minimum ﬂuidization velocity for particles with a size of
.3 mm and a density of 1400 kg/m3. Air was used as ﬂuidizing gas in
he AR, which was divided into the ﬂuidizing gas in the bottom bed
720 l N/h) and the secondary air in the riser (150 l N/h). Nitrogen
as used as a ﬂuidizing gas in the particle loop seal (38 l N/h).
Table 3 shows a summary of the different operating conditions
sed in the tests. Different types of fuels were used during the
xperimental work: methane, syngas, CO, H2 and light hydrocar-
ons (C2H6 and C3H8).
The oxygen carrier-to-fuel ratio, , was deﬁned by Eq. (4),  where
MeO is the molar ﬂow rate of the metal oxide and FFuel is the inlet
olar ﬂow rate of the fuel in the FR. The parameter b is the stoi-
hiometric coefﬁcient of the fuel gas. A value of  = 1 corresponds to
he stoichiometric MeO  amount needed for maximum conversion
f fuel to CO2 and H2O.
 = FMeO
b · FFuel
(4)
Two different experimental test series were carried out when
ethane was used as fuel for the CLC unit. In test series M1–M6,
he effect of the oxygen carrier/fuel ratio, , on the combustion efﬁ-
iency was analyzed by changing the fuel concentration whereas
he gas velocity and solids circulation rates, fs, were maintained
oughly constant. For these tests, methane concentrations ranging
rom 25 to 50 vol.%, corresponding to power input between 422 and
50 Wth, were used.house Gas Control 14 (2013) 209–219
Two additional tests were also carried out to analyze the effect
of the H2O concentration in the FR on the combustion efﬁciency
(tests M7 and M8)  to aid in the analysis of the obtained results.
Test M8  was carried out feeding 20 vol.% of steam mixed with the
gas fuel stream, at similar operating conditions as in test M7.
Regarding syngas combustion, two  different CO/H2 ratios, 1 and
3, have been studied (S9–S16). These ratios correspond to typical
gas compositions obtained in ﬂuidized-bed and entrained-bed gasi-
ﬁers, respectively. The resulting equilibrium compositions of these
experiments are shown in Table 3 assuming the WGS  equilibrium
in the FR. Experiments using only CO (S1–S6) and H2 (S7–S8) as
fuel gases were also done for comparison purposes. In addition,
combustion tests of light hydrocarbons, i.e., C2H6 and C3H8, were
conducted (Tests LHC1–LHC6). Two  different gas compositions
were used for each type of fuel (see Table 3). These compositions
were calculated to have the same oxygen demand in both cases. In
this sense, it must be considered that ethane and propane require
more oxygen for combustion than methane. In all tests with C2H6
and C3H8, 30 vol.% steam was  introduced to avoid carbon formation
in the distributor plate of the FR.
The behavior of the OC with different fuel gases was assessed by
means of the effect of the oxygen carrier-to-fuel ratio on the com-
bustion efﬁciency. The combustion efﬁciency (c) has been deﬁned
as the ratio of oxygen consumed by the gas leaving the FR to that
consumed by the gas when the fuel is completely burnt to CO2 and
H2O. So, the c gives an idea about how the CLC operation is close
or far from the complete combustion of the fuel, i.e., c = 100%.
c =
(2xCO2 + xCO + xH2O)out · Fout − (2xCO2 + xCO + xH2O)in · Fin
(xCO + xH2 + 4xCH4 + 7xC2H6 + 10xC3H8 )in · Fin
(5)
where Fin is the molar ﬂow of the inlet gas stream, Fout is the molar
ﬂow of the outlet gas stream, and xi is the molar fraction of the gas
i.
3. Results
3.1. Tests in the continuous CLC plant
Combustion tests under different operation conditions were
carried out in the CLC plant using the Ni11CaAl as oxygen car-
rier. The oxygen carrier-to-fuel ratio and the fuel composition were
studied as variables affecting to the combustion efﬁciency, c. The
gas product concentrations of the FR and AR were measured by
online analyzers and the corresponding results were used to make
carbon, hydrogen and oxygen mass balances over the whole sys-
tem. Regarding the oxygen carrier behavior, neither deactivation
nor agglomeration were detected during operation in the continu-
ous unit.
Fig. 3 shows the effect of the  value on the combustion efﬁ-
ciency for combustion tests M1–M6  where CH4 fuel ﬂow was  var-
ied. Regarding combustion tests M1–M6, very high CH4 combustion
efﬁciencies were found operating with low oxygen carrier-to-fuel
ratios (1.1–1.2). A sharp decrease in efﬁciency was found for values
above 1.2. An important difference was found with respect to the
results obtained with most of the previous oxygen carrier materi-
als tested in the literature (Adánez et al., 2012), including the one
developed by Adánez et al. (2009a), where an increase in the  value
produces an increase in the combustion efﬁciency. These results are
also shown in Fig. 3 for comparison purposes. However, Lyngfelt
and Thunman (2005) observed a similar behavior using an oxygen
carrier prepared by freeze granulation over Al2O3.
With previous Ni-based oxygen carriers developed to be tested
in CLC continuous units, it was  necessary to operate at higher 
values (3–3.5) to reach near complete combustion efﬁciency
P. Gayán et al. / International Journal of Greenhouse Gas Control 14 (2013) 209–219 213
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φ
ig. 3. Effect of the oxygen carrier/fuel ratio () on the combustion efﬁciency (c)
or  CH4 combustion with the Ni11CaAl oxygen-carrier. T = 1173 K. Tests M1–M6
). Tests M7–M8  ( , with H2O/ , without H2O). For comparison reasons, tests
sing Ni18–Al:HI oxygen-carrier have been added.he ICB-CSIC-g1 facility.
of  presented a negative effect on the combustion efﬁciency.
Decreasing the oxygen carrier/fuel ratio below 1.0, combustion efﬁ-
ciency decreases as less oxygen is available for full oxidation of the
fuel.
In addition, two  new tests (M7–M8) were carried out to study
the effect of steam addition in the inlet ﬂow to FR and similar results
were obtained in both cases.
Fig. 4 shows the effect of the  value on the combustion efﬁ-
ciency for syngas tests (S1–S16). Complete combustion is achieved
working at oxygen carrier-to-fuel ratios higher than 1.2 for all fuel
gas compositions, including pure CO, which is the gas that presents
the worst behavior when it reacts with a Ni-based oxygen carrier.
Note that in this case combustion efﬁciency does not decrease at
high values of ·
From the experimental data obtained in the tests LHC1–LHC6,
the combustion efﬁciency, c, was calculated according to Eq. (5).
Fig. 5 illustrates the effect of  on the combustion efﬁciency for
both ethane and propane. The maximum fuel combustion efﬁcien-
cies were reached at same  values than methane. Furthermore,
better efﬁciencies were obtained for ethane than for propane as
fuel gas. In the case of ethane, a combustion efﬁciency of 99% was
obtained working at an oxygen carrier-to-fuel ratio of 1.1.In order to explain the remarkable results obtained in the com-
bustion tests carried out with the Ni11CaAl oxygen carrier, the gas
composition at the outlet of the FR is analyzed for each type of gas
combustion tests.
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Table 3
Operating conditions and main data for the experiments carried out in the ICB-CSIC-g1 facility.
Test TFR (K) QFR (l/h) Fuel gas (vol.%) Equilibrium concentration (vol.%) fs (kg/h)  Power (Wth) Solid inventory in
FR (kg/MWth)
CO H2O CO2 H2
CH4
M1  1173 170 50 9.4 0.9 846 154
M2 1173 170 45 9.4 1.0 761 172
M3 1173 170 40 9.4 1.1 677 193
M4  1173 170 35 9.4 1.3 593 221
M5  1173 170 30 9.4 1.5 507 258
M6  1173 170 25 9.4 1.8 422 310
M7  1173 170 25 12 2.2 422 310
M8a 1173 170 25 12 2.2 422 310
Syngas
CO
S1 1153 255 80 6.6 0.9 716 183
S2  1153 213 80 6.6 1.1 594 221
S3  1153 170 80 6.6 1.4 516 254
S4  1153 170 80 9.2 2.0 477 275
S5  1153 170 60 9.2 2.6 358 366
S6  1153 170 40 9.2 4.0 238 550
H2
S7 1153 170 60 9.2 2.6 306 428
S8 1153 170 40 9.2 4.0 204 642
Syngas CO/H2 = 1
S9 1153 255 80 40 10 8 40 6.6 0.9 651 201
S10  1153 213 80 40 10 8 40 6.6 1.1 542 242
S11  1153 170 80 40 10 8 40 6.6 1.4 434 302
S12 1153 170 40 20 5 4 20 6.6 2.9 217 604
Syngas CO/H2 = 3
S13 1153 255 80 60 6 14 20 6.6 0.9 682 192
S14  1153 213 80 60 6 14 20 6.6 1.1 568 231
S15  1153 170 80 60 6 14 20 6.6 1.4 455 288
S16 1153 170 40 30 3 7 10 6.6 2.9 227 577
Light  hydrocarbons
C2H6
LHC1b 1173 170 17.2 6.8 0.9 517 253
LHC2b 1173 170 14.3 6.8 1.1 431 317
LHC3b 1173 170 11.4 6.8 1.4 345 380
C3H8
LHC4b 1173 170 12 6.8 0.9 517 253
LHC5b 1173 170 10 6.8 1.1 431 317
LHC6b 1173 170 8 6.8 1.4 345 380
B
3
t
w
F
fold numbers refer to the changed variable.
a 20 vol.% H2O added.
b 30 vol.% H2O added..1.1. Methane combustion
Fig. 6 shows the gas composition obtained at the outlet of
he FR as a function of . As it was mentioned above, methane
as fully converted only at  values around 1.1–1.2. At lower
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ig. 4. Effect of the oxygen carrier/fuel ratio () on the combustion efﬁciency (c)
or  syngas combustion with the Ni11CaAl oxygen-carrier. T = 1153 K.values, partial oxidation of fuel takes place producing CO + H2 and
methane does not appear at FR outlet. At higher values, methane
is the only unburnt product, indicating that the partial oxida-
tion/reforming reactions are not occurring at considerable amount
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Fig. 5. Effect of the oxygen carrier/fuel ratio () on the combustion efﬁciency (c)
for  light hydrocarbons combustion with the Ni11CaAl oxygen-carrier. T = 1173 K.
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n these conditions. These facts indicate that reaction occurs by
ifferent pathways depending on the  value.
In this work, since a low NiO content oxygen carrier was
sed, the relevance of the reduction degree needed to achieve full
ethane conversion was  pointed out as responsible of this behav-
or. Only working at very low oxygen carrier to fuel ratios (1.0–1.2),
he full conversion of methane was achieved.
The effect of water concentration on the steam reforming reac-
ion was analyzed through the methane conversion obtained using
2O concentrations in the FR up to 20 vol.%. In the experiments
sing CH4 as fuel gas, water was not fed into the system because
revious works in the same CLC facility using a Ni-based oxygen
arrier showed that carbon formation did not happen at relevant
xtension (Adánez et al., 2009a,b), anywhere in the FR. Further-
ore, during methane combustion tests, CO and CO2 were never
etected at the outlet of the AR, indicating no carbon formation
n the FR. As it can be seen in Figs. 3 and 6, similar combustion
fﬁciencies and gas product distributions were obtained in tests
7 and M8,  indicating that methane reforming reaction, at high
xygen carrier-to-fuel ratio values, is negligible using this mate-
ial even in the case when a steam concentration of 20 vol.% was
dded.
.1.2. Syngas combustion
Several syngas combustion tests under continuous operation
ere carried out in the CLC plant. Table 3 shows the different fuel
as compositions that were used. Fig. 4 illustrates that the combus-
ion efﬁciency is very high for all syngas tests where  > 1.2, close to
he value that corresponds with the thermodynamic equilibrium.
urthermore, for ﬁxed  values, similar combustion efﬁciencies
ere obtained independently of the fuel gas composition.
Dueso et al. (2009) found that this high combustion efﬁciency
chieved when CO is used as fuel was partially due to the increase
f CO consumption through the faster disappearance of H2. This fast
isappearance of H2 shifts the WGS  equilibrium toward the forma-
ion of more H2 and CO2, which implies a higher CO conversion.
In order to highlight the high reactivity obtained with the
i11CaAl oxygen carrier when syngas is used as fuel, a comparison
ith other Ni-based oxygen carrier developed by impregnation
sing -Al2O3 as support is pointed out. Dueso et al. (2009) found
hat with the Ni18–Al2O3 oxygen carrier,  values higher than
 were needed to obtain high combustion efﬁciencies (98.3%) of
yngas when the temperature in the FR reached 1153 K. At theFig. 7. Concentration of CO, H2 and CH4 measured at the outlet of the FR in the
500  Wth unit for combustion tests carried out with light hydrocarbons. TFR = 1173 K.
same testing conditions of fuel composition and temperature,
maximum combustion according to thermodynamic equilibrium
was achieved with the Ni11CaAl oxygen carrier working at oxygen-
to-fuel ratios only higher than 1.2 for all fuel gas compositions.
The high reactivity of Ni11CaAl oxygen carrier with both gases
i.e., CO and H2, is mainly due to the fast reaction of free NiO with
such gases. As in this case the formation of less reactive nickel
compounds, such as NiAl2O4, is avoided using CaAl2O4 as inert
support, the behavior of this oxygen carrier is largely improved
when syngas is used as fuel. On the contrary, as Dueso et al.
(2009) used alumina as support, NiAl2O4 was formed during Ni
oxidation and very higher  values were needed to burn the syngas
completely.
3.1.3. Light hydrocarbons (LHC) combustion
Combustion tests of light hydrocarbons, i.e., ethane and
propane, were conducted in the 500 Wth CLC facility described
above. Two different gas compositions were used for each type of
fuel (see Table 3).
Fig. 7 illustrates that the amounts of unreacted of CO, H2 and
CH4 at the outlet of the FR are higher for propane than for ethane
and thus higher c values were measured for ethane. At  ≈ 1, the
majority of unburnt products are CO and H2 due to the catalytic
activity of the oxygen carrier working at very low oxygen-to-fuel
ratios. However, at higher values of , which correspond to lower
values of variation of the solids conversion in the reactor, XS, the
oxygen carrier does not present that catalytic activity and methane
appears as the main unburnt product. In this sense, the presence
of methane in the gas stream at the outlet of the FR indicates that
the mechanism of light hydrocarbons combustion is carried out
through the cracking reaction. These results are different from the
ones obtained by Adánez et al. (2009b) using a Ni-based oxygen
carrier supported on alumina, who  never detected methane at the
outlet of the FR when light hydrocarbons were burnt.
Carbon formation process was  also analyzed during the contin-
uous LHC combustion tests carried out on the CLC unit. The carbon
formed on the Ni11CaAl particles in the FR should be transferred to
the AR and burned giving CO and/or CO2. CO and CO2 were never
detected at the outlet of the AR, indicating no carbon formation
in the FR and, consequently, no losses in CO2 capture by carbon
transfer to the AR.
Finally, from these results it must be remarked that the Ni11CaAl
oxygen carrier presents very high combustion efﬁciencies when
light hydrocarbons are used as fuels in the CLC prototype operating
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t low oxygen carrier-to-fuel ratio values (c ≈ 0.99 in the case of
thane for a  value of 1.1). However, other Ni-based oxygen car-
iers using Al2O3 as support required oxygen carrier-to-fuel ratio
alues higher than 3 to achieve similar combustion efﬁciencies.
. Discussion
In order to carry out a further analysis related to combus-
ion efﬁciency and gas product distribution results obtained for
he different combustion tests presented in the previous section
f this work, the possible reactions involved in a CLC process
sing a nickel-based oxygen carrier during combustion tests with
ethane, ethane, propane, H2 and CO, must be taken into account.
The following reactions can take place in the system:
Fuel reactor:
Combustion
CnH2n+2 + (3n  + 1) NiO ↔ (3n  + 1) Ni + n CO2 + (n + 1) H2O (6)
H2 + NiO ↔ Ni + H2 (7)
CO + NiO ↔ Ni + CO2 (8)
Partial oxidation
CnH2n+2 + n NiO ↔ n Ni + n CO + (n + 1) H2 (9)
Catalytic reforming
CnH2n+2 +n H2O ↔ n CO + (2n + 1) H2 (10)
CnH2n+2 + n CO2 ↔ 2n CO + (n + 1) H2 (11)
Water gas shift
CO + H2O ↔ CO2 + H2 (12)
Methanation
CO + 3H2 ↔ CH4 + H2 (13)
Dehydrogenation
CnH2n+2 ↔ CnH2n + H2 (14)
Cracking
CnH2n+2 ↔ Cn−1H2(n−1) + CH4 (15)
Coke formation
CnH2n+2 ↔ n C + (n + 1) H2 (16)
CO + H2 ↔ C + H2O (17)
Carbon gasiﬁcation
C + CO2 ↔ 2CO (18)
Air reactor:
Oxygen carrier oxidation
Ni + (1/2) O2 ↔ NiO (19)
Carbon combustion
C + O2 ↔ CO2 (20)
C + (1/2) O2 ↔ CO (21)
Regarding methane combustion, there is evidence that the
artial oxidation/reforming reactions (9)–(11) can be decisive in
ethane conversion when Ni-based oxygen carriers are used. For
i-based oxygen carriers the unconverted products were H2 and
O when the temperature was low (Jin and Ishida, 2002) or the
xygen in the particles was depleted (Adánez et al., 2006; Chandel
t al., 2009; Dueso et al., 2010). These facts have been related tohouse Gas Control 14 (2013) 209–219
that H2 and CO are produced as intermediate products by the steam
reforming or partial oxidation of methane, and then they react to
H2O and CO2 following reactions (7) and (8).  Therefore, the mecha-
nism for methane conversion via partial oxidation/steam reforming
can be of higher relevance than the direct conversion of methane to
CO2 and H2O under certain conditions. Moreover, the degree of the
reduction of the NiO particles has shown a very strong inﬂuence
on the catalytic activity for methane reforming. A high degree of
oxidation results in an almost complete deactivation of Ni sites for
methane adsorption, decreasing the catalytic activity of the mate-
rial (Dewaele and Froment, 1999). It has been suggested (Abad
et al., 2010a; Kolbitsch et al., 2009b)  that the steam reforming of
methane was  catalyzed by metallic nickel formed during reduc-
tion.
Ortiz et al. (2012) found that the catalytic activity of the
impregnated Ni-based oxygen-carriers depended on their oxida-
tion/reduction degree, increasing the catalytic activity when the
reduction conversion of the oxygen carrier was increased. There-
fore, it can be said that the methane reforming reactions are of
great relevance to achieve a high methane conversion in a CLC
system. Furthermore, it must be pointed out that the  value is
related to the variation of the solid conversion in the reactor, XS,
and the conversion of the oxygen carrier in the FR, Xr, as fol-
lows:
XS = Xr =
c

(22)
In this work, since a low NiO content was  used in the oxygen
carrier, the relevance of the reduction degree needed to achieve
full methane conversion was more important. Only working at
very low oxygen to fuel ratios above stoichiometric conditions
(1.0–1.2), which correspond to high reduction conversion values
(XS = 0.8–0.9), the full conversion of methane was achieved due
to the catalytic activity of the oxygen carrier in these testing con-
ditions.
On other hand, the high combustion efﬁciencies obtained when
syngas combustion tests were carried out using the Ni11CaAl mate-
rial can be explained in accordance with the following reasons.
Firstly, the use of CaAl2O4 as inert support avoids the formation
of a less reactive nickel compound during previous Ni oxida-
tion, such as NiAl2O4, that reacts with CO and H2. This fact
allows fast reactions of free NiO with such gases through reac-
tions (7) and (8),  particularly with H2. However, CO disappearance
is also improved due to the increase of CO consumption through
the faster disappearance of H2 by the WGS  reaction (12) with
the oxygen carrier that shifts the WGS  equilibrium towards the
formation of more H2 and CO2, which implies a higher CO conver-
sion.
Within the mechanism of LHC combustion, methane forma-
tion mainly takes place through cracking reaction (Eq. (15)). In a
further step, mechanism for methane conversion via partial oxida-
tion/steam reforming can be of higher relevance than the direct
conversion of methane to CO2 and H2O as it was discussed for
the methane combustion case. In this sense, if  is ﬁxed at a
high value, consequently the degree of the reduction of NiO par-
ticles is low and the catalytic activity of the oxygen carrier for
methane reforming decreases which gives an increase of unre-
acted methane as a result. This could be clearly observed in Fig. 7
where the amount of unreacted methane is increased when the 
value is varied from 0.9 to 1.5. Adánez et al. (2009b) did not ﬁnd
this phenomenon when they carried out light hydrocarbon com-
bustion tests because as they used alumina as support, during Ni
oxidation NiAl2O4 was  also formed as a Ni-phase together with
free NiO. The amount of nickel that came from the spinel com-
pound, NiAl2O4, presented catalytic activity for methane reforming,
which permitted full methane combustion even in the situation
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Table  4
Solids inventories needed to obtain a combustion efﬁciency of 99 % using different Ni-based oxygen carrier particles and CLC prototypes.
Oxygen carrier Power (kW)  Solid inventory in FR (kg/MWth) Ni inventory in FR (kg/MWth) Reference
Ni11CaAl 0.5 1.0–1.2 180 17 This work
Ni18–Al:HI 0.5  3.1 600 85 Adánez et al. (2009a)
Ni40–NiAl:FG 10 5 335 170 Lyngfelt and Thunman (2005)
Ni60–NiAl:SF 10 5 335 200 Linderholm et al. (2008)
Ni60–MgAl:FG 0.3 20 630 300 Johansson et al. (2006a)
Ni60–NiAl:FG 0.3 10 400 240 Johansson et al. (2006b)
Ni60–B:MMa 1.5 >1.9 >760 >360 Son and Kim (2006)
Ni60–B:MM 50 – 1250 590 Ryu et al. (2010a)
w
2
4
n
o
l
1
i
r
T
f
a
a
r
l
u
a
t
i
v
g
(
i
r
e
l
t
a
t
i
s
s
i
w
h
a
r
N
o
t
o
o
t
m
g
b
a
ta c < 99%.
hen the degree of reduction of NiO particles was  low (Ortiz et al.,
012).
.1. Considerations about design criteria
From the results shown in this work, the solids inventory
eeded to obtain a combustion efﬁciency of 99 % using this
xygen carrier for burning different gaseous fuels has been calcu-
ated. For methane combustion, a total solids inventory of about
80 kg/MWth is obtained in the 500 Wth CLC plant. This solid
nventory is much lower than other values also found for highly
eactive impregnated Ni-based materials as it can be observed in
able 4. For example, 600 kg/MWth and 335 kg/MWth were needed
or the Ni18–Al (Adánez et al., 2009a)  and Ni40–NiAl (Lyngfelt
nd Thunman, 2005) oxygen carriers, respectively. This remark-
ble result was due to the low NiO content and the very high
eactivity of the Ni11CaAl oxygen carrier, since the formation of
ess reactive nickel compounds, such as NiAl2O4, was avoided
sing CaAl2O4 as inert support. Furthermore, the differences in the
mount of Ni metal from these oxygen carriers are also notewor-
hy. On the basis of the amount of Ni metal per MWth, the nickel
nventory for Ni11CaAl is around 17 kg/MWth. This extremely low
alue is due to the small amount of NiO (11.8 wt.%) that the oxy-
en carrier particles contain, which is almost completely used
XS = 0.8–0.9). It must be pointed out that although this solid
nventory was determined operating in a bubbling ﬂuidized bed
eactor, it is the lowest value found in the literature (Adánez
t al., 2012) for any kind of Ni-based oxygen carriers. Neverthe-
ess, these numbers just gives an estimate of the solids inventories
hat could be needed. The solids inventories that appear in Table 4
re not directly comparable among them because differences in
he ﬂuidization conditions at different CLC prototypes may  have
mportant effects on the mass-transfer resistance between gas and
olids.
Dueso (2010) developed a simpliﬁed model to calculate the most
uitable operating conditions, in terms of solid circulation rate and
nventories, for the CLC process when a Ni-based oxygen carrier
as prepared using alumina as support. She proved that NiAl2O4
as a negative effect on the solid inventories in a CLC system when
 Ni-based material was used as oxygen carrier. She calculated a
eduction in the minimum solid inventory in the FR from 37 kg
i/MW to 2 kg Ni/MW for methane combustion when the formation
f the NiAl2O4 spinel is completely avoided working with a varia-
ion of solid conversion of XS = 0.2. In this work, for the Ni11CaAl
xygen carrier, the optimum operation conditions, and complete
xidation in the AR, are obtained working at XS = 0.8–0.9. In
hese conditions, the solid inventory in the FR predicted by the
odel of Dueso (2010) was 5.7 kg Ni/MWth using a Ni-based oxy-en carrier without interaction NiO-support. In this point, it must
e highlighted that the solids inventories were calculated using
 simpliﬁed method developed by Abad et al. (2007) considering
he reactivity of the particles but without taking into considerationthe effects of the resistance to exchange of gas between the bub-
bles and the emulsion in the ﬂuidized bed. Therefore, higher solids
inventories would be necessary in a real CLC system. In this sense,
Abad et al. (2010b) calculated solid inventories 2–10 times higher
when the resistance to the exchange of gas between bubble and
emulsion phase is considered in the model. As a result, it can be
stated that within this work it has been experimentally demon-
strated that avoiding the formation of the spinel phase, NiAl2O4,
lower solid inventories are needed to obtain complete gas conver-
sion in a CLC continuous unit using a Ni-based material as oxygen
carrier.
Additionally, the solid circulation in a CLC unit must be ﬁxed to
fulﬁll the mass and energy balances in the system. The solids circu-
lation is limited by the transport capacity of the riser. The limit of
the circulation rate in a CLC unit is not clear, but a value of 16 kg s−1
per MWth of methane can be taken as the maximum circulation rate
feasible in a CLC plant without increased costs and with commercial
experience (Abad et al., 2007). Assuming this value, oxygen carri-
ers with oxygen transport capacity values lower than 0.4 % could
not be used for CLC because it would not be possible to transfer
the required oxygen to fully convert the fuel to CO2 and H2O (Abad
et al., 2010a). For Ni11CaAl oxygen carrier, an amount of 11.8 wt.%
of NiO in the material is enough due to its high transport capacity
(2.5 %).
Once it has been demonstrated that the Ni11CaAl oxygen carrier
can transfer enough oxygen to convert different fuels to CO2 and
H2O, it must be proved that this material can also transfer enough
enthalpy to avoid a large temperature difference in the FR when
particles are circulating inside the CLC unit. In this sense, thermal
integration among the AR and FR has consequences on the system
operation. The energy balance must be especially considered when
the reaction in the FR is endothermic, as in the case of the reduction
of NiO by methane. In this case, the FR is heated by the circulat-
ing solids coming from the AR at higher temperatures and there is
a temperature drop in the FR. To avoid a large temperature drop
in the FR, limitations in the variation of solids conversion can be
established to maintain a relatively high temperature. For Ni-based
materials either the NiO content or the conversion of NiO should
be low to avoid a large difference on temperature between both
reactors. For the oxygen carrier considered in this work (11 wt.%
NiO) in a CLC system using methane as fuel gas, a value for  of
about 1.0 must be attained to maintain a temperature difference of
50 ◦C between the AR and FR (Abad et al., 2007). However, when
syngas is used as fuel, the reduction reaction is exothermic so that
low temperature differences between AR and FR for every value of
variation of solids conversion and NiO content are observed and for
that reason no limitations have to be established.
From methane and syngas combustion sections (3.1.1 and 3.1.2),
it could be concluded that oxygen carrier-to-fuel ratio values of
1.0–1.2, and higher than 1.2, were necessary to obtain high methane
and syngas combustion efﬁciencies, respectively. These oxygen
carrier-to-fuel ratio ranges also fulﬁll the mass and heat balances
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eeded in the CLC system according to considerations mentioned
bove.
. Conclusions
The behavior of a Ni-based oxygen carrier with a low NiO con-
ent (11.8 wt.% NiO) prepared by impregnation on CaAl2O4 has been
tudied in a continuous CLC 500 Wth unit using different gases
methane, H2, CO, syngas, ethane and propane) as fuels.
Using methane as fuel gas, a very high combustion efﬁciency is
eached at  values close to 1 (1.1–1.2). A further increase in the
xygen carrier-to-fuel ratio produces a decrease in the combustion
fﬁciency. This behavior is different to that found using most of the
i-based oxygen carriers and it can be attributed to the low global
atalytic activity of the oxygen carrier for methane reforming reac-
ions. When light hydrocarbons are used as fuels, the oxygen carrier
resents a similar behavior than in the case of methane combus-
ion tests, reaching to the maximum fuel combustion efﬁciency at
he same  values. This fact also indicates that light hydrocarbons
ombustion mechanism is carried out through cracking reaction.
inally, using syngas, pure CO or H2 as fuel gases, high combustion
fﬁciencies can be achieved working at oxygen carrier to fuel ratios
igher than 1.2.
Solids inventory needed to obtain a methane combustion efﬁ-
iency of 99% was 180 kg/MWth, which correspond to a metallic Ni
nventory around 17 kg/MWth. This value is the lowest referred in
he literature for any other Ni-based oxygen carrier.
During more than 90 h of continuous operation in the CLC
ilot plant the oxygen carrier also exhibited an adequate behav-
or in terms of agglomeration, deactivation and carbon deposition.
inally, it can be stated that this highly reactive oxygen carrier could
e used with high efﬁciency in a CLC plant for combustion of a wide
ange of gaseous fuels.
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